X-ray powder diffraction methods have been more and more extensively used, in the last twenty years, in the characterization of different crystalline and non-crystalline materials of archaeological, historical, artistic interest. The present paper aims to discuss the use of these methods in studying different aspects related to the Cultural Heritage conservation. This purpose has been achieved by examining the results obtained during the studies carried out by the author and his collaborators on a number of objects formed by different materials, such as cellulose,
Introduction
With the ever-expanding world of studies on artistic, historical and archaeological materials [1] , it is a very hard task to think of writing a comprehensive paper on this subject.
The aim of this work is to present the contribution that X-ray diffraction may offer in the field of Cultural Heritage and archaeological studies, starting from the personal experience of the author and his collaborators, mainly concerning cellulose-based materials, archaeological glasses, mosaic vitreous tesserae (non crystalline or only partially crystalline materials) and ceramic, metals, their corrosion products, slags, stones, mortars and pigments (partially or almost completely crystalline materials). For this reason, the paper will present only a number of possible applications of X-ray diffraction to Cultural Heritage conservation studies. We have to reflect on the fact that this position may appear limiting, since many other materials, such as bone, ivory, gems, leather, parchment, organic binders and so on, are not discussed here. We have to consider that also in the case of these different materials, X-ray diffraction plays a very important role for their characterization.
Another important purpose of this work remains to encourage in-depth studies regarding the use of X-ray techniques in the study of historical, archaeological and artistic materials.
Experimental Methodology
Given the generally great historical, artistic and cultural importance of the materials under study, it was always pursued a nondestructive approach, based on the interaction between electromagnetic waves and the artworks in question. This has led to the achievement of a methodology based on the use of different complementary techniques forming a set of non destructive (or micro-destructive) techniques able to perform a complete characterization of the objects. For a better characterization a variety of examined areas were chosen depending on the different materials.
The following archaeometric techniques were applied:
X-Ray Diffraction
X-ray diffractograms were obtained operating directly on the objects of sufficient small dimensions or on the powders of the micro-sampling by means of a PW1729 Philips Diffractometer (Ni-filtered CuKa radiation) over a range of 2 theta = 6˚ -90˚ (step of 0.02˚ -0.05˚ and acquisition time of 2 -5 s). In several cases a Guinier camera was also used.
Fourier Transform Infrared Analysis
A Perkin-Elmer Spectrum One FTIR, equipped with the Universal ATR Sampling Accessory (ZnSe cell), was used to obtain 4 cm −1 resolution spectra in the 550 -4000 cm −1 region, scanned 10 times. The ATR device allowed us to analyze the samples at room temperature and humidity, without any treatment of heating and KBr grinding. When necessary (hot analyses), samples were heated 15 min in a 750 W microwave oven immediately before performing the infrared analysis.
Optical Microscopy and Macrophotography
Optical observation and photographic documentation were achieved using a Dino-lite portable digital microscope and a Canon EOS 350D camera equipped with a Canon ZoomLens EF-S 18 -55 mm.
X-Ray Fluorescence Spectrometry
Elemental analysis was performed using a Lithos 3000 portable system and an appropriate Lithos program by Assing to process the data. The apparatus consists of a Mo tube, a Zr filter and a semiconductor Si(Li) detector, cooled by Peltier effect. The operating parameters were: 25 kV, 0.1 mA, and 120 -240 seconds of acquisition time. The elements with the highest intensity detected on the samples, such as Pb, Fe or Hg, have been used as internal standards.
Reflectance Spectrophotometry
Reflectance spectrophotometric and colour measurements have been performed using a Minolta CM-2600 portable spectrophotometer, provided with a Xenon lamp to pulsate the light on the sample surface and with an integrative sphere inside the apparatus. Visible light is reflected by the observation surface with an angle of 8˚. It is captured by a silicon photodiode that measures the spectrum between 360 and 740 nm with an interval of 10 nm. Colour coordinates are based on the CIEL*a*b* system using an illuminant D65 with an observer angle of 10˚. In this system, L* represents colour lightness, while a* and b* are the coordinates of chromaticity. Coordinate +a* and −a* indicate red and green values, while + b* and −b* indicate the yellow and blue values, respectively.
UV Fluorescence
This analysis was carried out mainly on paints using a ceiling light with four Sylvania black light-blue F18W/ BLB-T8 tubes. The digital camera used for recording images is the Canon EOS 350D without barrier filter. It is a non-destructive superficial analysis that identifies the presence of one or more film-forming substances, such as varnishes applied on the artwork (resins, oleoresins, proteins, etc.) and, generally, every previous intervention. This technique allows assessing the condition of the paint, enhancing the presence of restorations, biological attacks, even when they appear indistinguishable to the naked eye. Also, it can give some information on pigments or corrosion products that may have their own particular fluorescence.
Cellulose-Based Materials

Paper
As it is well known, the paper consists of two main components: cellulose and additives; cellulose obtained from linen rags, cotton rags and wood pulp, and additives, consisting of dyes, fillers and binders. Cellulose is only partially crystalline and the technique used for its characterization consists in determining the crystallinity value that decreases owing to the ageing. The causes of deterioration of library materials, chemical, physical or biological, are widely discussed [2] - [7] .
The raw materials and the manufacture of the paper varied on the time: the oldest papers, which consisted entirely of cloth cellulose, maintain and preserve its chemical and physical characteristics over time, when stored in an appropriate environment. At the contrary, recent papers present, for a series of reasons, increasing problems for their conservation [7] [8]. The crystallinity and relative index of crystal dimensions were assumed as a qualitative evaluation of the mechanical properties of cellulose fibres and, consequently for the paper conservation properties. For this purpose the wide-angle X-ray scattering (WAXS) technique was used. X-ray crystallini- 
, where I 002 is the peak height at 2θ = 22.5˚ and I amorph is the background intensity at 2θ = 20˚, while A 002 is the full width at half height of the 22.5˚ 2θ peak. In Figure 1 X-ray pattern for Whattman pure cellulose paper is compared to that of amorphous cellulose. Through this methodology it was possible to follow several alteration reactions of a standard paper and of real papers [7] [8].
Wood
In a similar way, XRD data were used in evaluating the crystallinity degree for cellulose inside different kinds of wood natural, artificially aged and waterlogged archaeological samples. The results have been useful to recognize the effect of time on the wood structure and properties, as well to evaluate the effect of the presence of metals inside the woods they self. Regarding to the metals, the alteration effect of copper is generally stronger than that of iron [9] - [12] .
The colour measurements, carried on the various samples of wood in function of the ageing time, are in agreement with the wood degradation results. In other words, more increases the wood alteration more dark becomes its colour [10] . 
Papyrus
During the studies performed on modern (manufactured at Museo del Papiro di Siracusa) and ancient papyrus sheets from Cairo Archaeological Museum) we used, besides the scanning electron microscopy (SEM) and optical microscope (OM), X-ray diffraction and thermal analyses. Interesting the results obtained, which highlighted the differences occurring in the manufacturing of Egyptian and Greek -Roman papyrus.
Another remarkable result was the microscope observation of the morphological features of the papyrus plant, still visible in ancient papyrus sheets, even if deformed as consequence of manufacturing and ageing. X-ray diffraction together with OM and SEM analyses highlighted different lignin contents in the various portions of the papyrus plant. In addition X-ray diffraction, thermal analyses and microscope observation were useful tools for the study of ancient papyri, contributing to identify the additives used in the manufacture of the papyrus sheets.
Calcium oxalate crystals and starch granules have been detected, showing that the ancient Egyptian sheets are richer in starch in comparison to the Greek-Roman papyrus. We observed that the Egyptian papyrus contains preferably starch, a material that naturally occurs in the plant as a reserve. In fact, found it in the residuals of the vascular bundle sheath, starch was detected. As a consequence, the Egyptian and Greek-Roman papyrus were also different in thermal behavior [13] .
Metals; Corrosion Products; Slags
For these materials, mostly crystalline, the use of X-ray diffraction methods proved to be particularly useful. In the case of small metals, such as coins, they can be analysed putting them directly in the diffractometer itself. For the objects of major size we are obliged to draw some micro-samples in order to perform analyses. This fact forces us to consider this method, at least partially, destructive. In this case the Guinier method revealed to be particularly important in order to recognize small variations in lattice spacing due to solid solutions occurring in alloys [14] - [25] , as well in distinguishing small structural differences that occur between similar corrosion products [25] [26] .
In the studies concerning the ancient statuary and the archaeological metal remains, the alloy composition and the nature of corrosion products have been often evaluated [19] - [26] by means of X-ray powder diffraction, using a Guinier camera.
In Figure 2 an example of its preparation is shown, where Si powder was used as standard for correct the X-ray diffraction lines of two different corrosion products. A data base for the main corrosion products of bronze was developed, particularly useful for a secure and rapid evaluation in the study of archaeological bronzes [27] . Figure 3 shows the comparison between the X-ray diffraction patterns of two common corrosion products of the bronze statues exposed to a marine environment, atacamite and paratacamite, with the same chemical formula, Cu 2 Cl(OH) 3 .
In Figure 4 a pre-roman coin signed ALBINTIMILIUM formed by almost pure lead is shown [26] . The X-ray diffraction performed directly by placing the coin within an automatic diffractometer allowed us to recognize the superficial mineralization of lead to form lead carbonate; all the peaks could be indexed on the basis of the orthorhombic structure of cerussite with a = 5.195 Å, b = 8.436 Å, c = 6.152 Å.
An example of corrosion products on a roman age bronze statue is shown in Figure 5 , in correspondence of a junction point.
The study of slags, coming from different archaeological sites, was performed by using both X-ray diffraction methods and optical and scanning electron microscopy [28] [29] .
The variation of lattice spacing for annealed bronzes of different composition, following the linear trend typical for solid solutions, known as Vegard's law, is shown in Figure 6 . This experimental behaviour, as similar In Figure 7 a microscope image of a slag section from copper smelting process [29] is reported.
Stone; Mortars
X-ray diffraction is an important tool in studying this kind of materials in recognizing their composition, the degradation or conservation state and, in some cases, their provenance [30] - [33] .
Glass; Mosaic Tesserae
A PhD research has been performed on archaeological glasses of bronze age and iron age coming from archaeological excavations carried out in Liguria [34] . The main investigation was conducted using X-ray fluorescence, optical microscopy and scanning electron microscopy analyses; but in some cases X-ray diffraction was used to identify the crystalline components present in the glass as colorant or opacifying agents. A few studies have been conducted on mosaics, generally using a portable X-ray fluorescence apparatus [35] - [37] . When separate mosaic tesserae were available, the X-ray experiments were carried out directly on the tesserae, to avoid sampling.
Pigments; Paints
Obviously pigments, as crystalline materials are typically characterised by using X-ray diffraction methods [38] - [43] . In addition to characterizing and recognizing the pigments used in painting, X-ray powder diffraction and Gandolfi camera have been used, coupled with thermal analysis techniques, in order to determine their stability and recognize the degradation processes. For this purpose, works are in progress on a series of commercial pigments, like azurite, malachite, natural lapislazuli, Egyptian blue, or pigments prepared in our Laboratory, as copper acetate and copper neutral acetate. We plan to use synchrotron radiation to improve the recognition of the phase transition and the limits of thermal stability of each pigment, with the aim to define a scale of relative thermodynamic stability of pigments and their alteration products.
The purpose is to extend the study on the stability of the pigments to the durability of paints and works of art.
Conclusion
As already remarked, in studying cultural, archaeological, artistic materials, it is necessary to perform a set of complementary chemical physical investigations in order to have the most complete characterization of the objects. X-ray diffraction revealed to be a helpful tool in the characterization not only of crystalline phases, but also in the almost amorphous materials. The studies developed in over twenty years of activity in different sectors of Cultural Heritage conservation, provided very useful information to archaeologists, art historians, conservators and restorers.
